INTRODUCTION
Ventilator-associated pneumonia (VAP) affects approximately 25% of patients submitted to mechanical ventilation, with an incidence of 2-16 episodes/1,000 hospital admissions. (1, 2) Although VAP is associated with high mortality, the attributable mortality can be low depending on the case mix and adjustments. (3) (4) (5) (6) In addition, VAP contributes to multiple organ failure in debilitated patients, prolonged hospitalization and increased health-associated costs. (7, 8) The diagnosis of VAP is challenging, and guidelines suggest that a clinical approach, a microbiologic approach, or both should be employed. (4, (9) (10) (11) Clinical criteria alone have been shown to have low specificity, because several other pathologies seen in the ICU can mimic VAP, (11) (12) (13) although their high sensitivity is useful for raising the suspicion of pneumonia. (9, 12) Conversely, clinicians cannot rely only on microbiologic results, because it can be difficult to deal with false-positives (e.g., to differentiate between tracheal colonization and infection) (9) and false-negatives (e.g., culture-negative results due to previous antibiotic use) when interpreting a respiratory tract culture result. (4, 6, 9) Combining the two approaches (clinical and microbiological) seems to improve the diagnostic accuracy. (4, 9, 14) In medical practice, invasive and noninvasive techniques are used in order to obtain samples from the lower respiratory tract for microbiological evaluation. Recently, a clinical trial (15) and a meta-analysis both showed that there are no differences between invasive and noninvasive techniques regarding main outcomes. (16) Although invasive methods have higher specificity than does the collection of endotracheal aspirate (EA), the former are more expensive and usually require bronchoscopic guidance. (14, 17) Worldwide, EA is used in order to diagnosis VAP and can be more cost-effective, making it especially useful in low-resource settings. In order to improve its specificity, there is a need for a method able to differentiate between colonization and infection. The evaluation of antibody-coated bacteria (ACB) is a promising candidate that has already been applied in other areas. (18) Therefore, our hypothesis was that ACB would be more prevalent in EA samples from patients with VAP than in those from patients without. In addition, we sought to investigate whether this difference could be used to increase the specificity of the VAP diagnosis.
METHODS
We conducted a diagnostic case-control study (19) in the general ICU of the Santa Casa de Misericórdia de São Paulo, an academic tertiary care hospital in the city of São Paulo, Brazil. The study was approved by the local research ethics committee. Family members or legal guardians of all of the participating patients gave written informed consent.
Eligible patients were adults (> 18 years of age) who were admitted to the ICU, were undergoing orotracheal intubation with mechanical ventilation, and had neither been diagnosed with nor were under suspicion of having pneumonia at ICU admission.
Case definition
We defined cases of VAP as those meeting clinical and microbiological criteria. The clinical criteria were signs or symptoms suggestive of pneumonia-new or progressive radiographic infiltrate plus at least two of the following after 48 h of mechanical ventilation: temperature > 38°C or < 36°C; leukocytosis or leukopenia; and purulent secretions-without any signs or symptoms of other infections. The microbiological criterion was a positive quantitative culture (≥ 10 5 CFU/mL) of an EA sample collected with the standard technique. (9) The EA samples were collected before the introduction of a new antibiotic. Samples were considered representative of lower respiratory tract secretions if they contained > 25 polymorphonuclear neutrophils and < 10 squamous epithelial cells/ low-power field.
Control definition
Patients to compose a control group were selected on a 1:1 basis, with concurrent sampling. (20) We selected mechanically ventilated patients who showed no clinical, biochemical, or microbiological evidence of infection at the time of diagnosis and enrolment of the cases. Patients eligible for enrolment in the control group were followed for one week and were selected only if they were not under suspicion of infection during that time. After selection, an EA sample (for culture and ACB evaluation) was collected from each patient in the control group. We then categorized the control group EA culture results as colonization or negative, depending on whether the cultures grew ≥ 10 5 CFU/ mL or < 10 5 CFU/mL.
Respiratory sample preparation
The EA samples were collected into two sterile tubes. One tube was delivered to the microbiology laboratory, and the other was delivered to the immunology laboratory. To perform the ACB evaluation, one milliliter of the aspirate from each sample was utilized. The samples were washed at 300 g for 15 min, the supernatant was discarded, and the sediment was washed twice with 0.9% saline solution. After the final wash, 100 µL of the sediment was diluted to 1:5 with 0.9% saline solution, because excessive mucus could hinder the visualization of bacteria and the reading of the culture.
To investigate the ACB, four assays were performed: with three monoclonal antibodies, against IgA (antiIgA), IgM (anti-IgM), and IgG (anti-IgG), respectively; and with one polyvalent antibody, against all three. All of the antibodies were conjugated with FITC (Sigma BioSciences, St. Louis, MO, USA). A 1:20 dilution of the antibodies was prepared with Hanks balanced salt solution. The samples obtained were then placed in microtubes: 100 µL of the tracheal secretion plus 20 µL of the antibody (anti-IgA, anti-IgM, anti-IgG, or the polyvalent antibody). The assays were incubated at 37°C for 15 min in total darkness, after which they were washed twice, by centrifugation, with Hanks balanced salt solution. Subsequently, we pipetted 15 µL of the solution, using pipettes with sterile tips, and spread the solution over an area corresponding to one coverslip (24 × 24 mm). The slides were previously sterilized in a Bunsen burner and covered with sterile cover glass. For the staining, the conventional Gram technique was utilized. All assays were performed in duplicate, and the readers were blinded to whether the sample was from a case or a control.
Each assay was standardized to allow the reader to count 80 bacteria in three or four fields. To detect ACB coated with the FITC-conjugated monoclonal or polyvalent antibodies (four ACB classes), immunofluorescence microscopy was used. The proportion of ACB, among the fixed number of 80 bacteria, was then determined. The unspecific immunofluorescence in microorganisms was determined from bacterial incubation with unrelated FITC-conjugated antibodies.
Statistical analysis
Continuous data are presented as mean ± standard deviation or as median and interquartile range, as appropriate. Categorical variables are presented as absolute and relative frequencies. To compare the characteristics of the cases and controls, we used the Mann-Whitney test or unpaired t-tests for continuous variables, whereas we used Fisher's exact test or chi-square tests for dichotomous variables. For comparisons among the categories of culture results (negative, colonization, and VAP), we used the Kruskal-Wallis test, with post-hoc comparison by the Mann-Whitney test with Bonferroni correction. Sensitivity, specificity, the positive likelihood ratio, and the negative likelihood ratio were calculated using the standard formulas. We did not calculate positive or negative predictive values, because of the case-control design. To evaluate the overall performance of ACB quantification in the diagnosis of VAP, we used an interactive dot diagram, and the best cut-off for the ACB proportion was established by maximizing the sensitivity and specificity. All statistical analyses were performed with statistical program R, version 3.1.1 (R Development Core Team, http://www.r-project.org/).
RESULTS
We enrolled 45 patients (22 cases and 23 controls). The two groups were comparable regarding demographic characteristics (except for gender), comorbidities, and reason for ICU admission (Table 1) . At diagnosis, 9 (41%) of the 22 patients with VAP presented with sepsis, 10 (46%) presented with severe sepsis, and 3 (13%) presented with septic shock.
Gram-staining and culture results
The results of the microbiological evaluation of the EA samples are shown in Table 2 . Stained bacteria were observed in all cases and controls, the occurrence of gram-negative and gram-positive bacteria being comparable between the two groups. However, the proportion of patients testing positive for both gram-positive and gram-negative bacteria was significantly higher in the VAP group (96% vs. 65%; p = 0.02).
The EA culture results are shown in Table 2 . Among the cases, VAP was found to be caused by gram-positive pathogens in 10 patients (46%), by gram-negative pathogens in 5 (23%), and by more than one pathogen in 7 (32%). Among the controls, the culture results were negative in 11 patients (48%) and positive (interpreted as colonization) in 12 (52%), of whom 2 (17%) tested positive for gram-positive bacteria, 7 (58%) tested positive for gram-negative bacteria, and 3 (25%) tested positive for both. Table 3 shows the gram staining and culture results for each patient. The most common gram-positive pathogen was Staphylococcus aureus, and the most common gram-negative pathogen was Klebsiella pneumoniae.
Immunological evaluation
The median proportion of ACB was significantly higher among the patients with VAP than among those without, for all ACB classes: IgA ACB-60.6% (54.7-65.3%) vs. 22 Figure 1 shows the proportions of each ACB class, by culture result category (negative, colonization, and VAP).
Diagnostic performance
The interactive dot plots are shown in Figure 2 . There was good differentiation between the cases and controls regarding all of the ACB classes. By maximizing sensitivity and specificity, we achieved an accuracy higher than 95% for all ACB classes except for the polyvalent ACB class. The complete diagnostic evaluation is shown in Table 4 .
DISCUSSION
Our study showed that ACB evaluation in EA samples seems to be a useful tool to facilitate the diagnosis of VAP. In fact, in this controlled setting, higher proportions of ACB were more prevalent in samples from patients with clinically and microbiologically confirmed VAP than in those from patients with colonization only (positive culture without any clinical sign suggestive of VAP) or with negative culture results. In addition, the evaluation of ACB in EA samples showed good performance as an adjunctive tool to differentiate between patients with and without VAP.
There have been few studies evaluating the role of ACB in the diagnosis of pneumonia in mechanically ventilated patients. In 1991, Wunderink et al. (21) analyzed ACB in 71 samples from 36 mechanically ventilated patients. The authors reported that a cut-off value of ≥ 5 ACB per immersion field had a sensitivity of 52% (11 of 21 results) and a specificity of 100% (11 of 11 results). Other small studies have reported that ACB evaluation performs well in the diagnosis of respiratory infections. (22) (23) (24) It is difficult to compare the findings of previous studies with those of our study, because of methodological differences, such as including patients not on mechanical ventilation and evaluating patients with community-acquired pneumonia as well as those with hospital-acquired pneumonia.
The microbiologic diagnosis of VAP is based on the quantification of the number of colony-forming units in samples obtained from the lower respiratory tract, although semi-quantitative evaluation has been used with comparable results. (4, 9, 25) The use of ACB evaluation in the diagnosis of VAP has important potential advantages, such as improving the specificity of a positive EA sample culture, thereby decreasing the proportion of false-positive results. In addition, ACB evaluation seems to be useful in differentiating between colonization and active infection. If we assume that all of the cases (those meeting the clinical and microbiological criteria for VAP) in the present study were "true" infections, evaluating ACB in EA seemed to facilitate the diagnosis of colonization (based on a positive EA culture in the absence of VAP), because ACB proportions were much lower than in "true" infection. Based on the theoretical rational of ACB evaluation, the reliability of the diagnosis should be consistent even when antibiotics have previously been used. (26) We speculate that the evaluation of ACB could help clinicians avoid the use of broad-spectrum antibiotics by reducing the number of false-positive results from EA cultures. It is of note that very few of our patients would have deferred treatment based on the results of the ACB evaluation, because of its high sensitivity.
The evaluation of ACB had been employed in other areas, mainly for urinary tract infections. (18) We hypothesize that this method could be optimized and applied routinely for better evaluation of lower respiratory tract samples. Although new molecular diagnostic methods are available, (27) we speculate that ACB evaluation could be cost-effective, making it particularly useful in low-resource settings. In fact, after standardization, it could be incorporated into the laboratory routine and, by avoiding false-positives, decrease the associated costs of antibiotics and their side effects (for example, a higher incidence of Clostridium infections). (7) Similar approaches have been applied in the diagnosis of tuberculosis, such as the diagnostic performance of sputum smear evaluation enhanced by fluorescence microscopy as an alternative for use in low-resource settings. (28) Other methods have been used in order to improve the diagnostic accuracy of clinical and microbiological criteria. Such methods have comprised the use of the currently available biomarkers, such as C-reactive protein (CRP) and procalcitonin. (29, 30) For instance, one study found a positive association between the serum values of CRP and the bacterial load in EA samples in 68 patients with VAP, (29) suggesting that CRP values could increase the diagnostic accuracy of EA evaluation in VAP. Other studies have reported that determining the number of intracellular bacteria increases the specificity of respiratory sample evaluation. (15, 31) One of the main limitations of our study is the lack of a comparison between ACB evaluation and other methods, which prevented us from assessing whether the diagnostic performance of ACB evaluation differs from that of other reported methods.
The diagnosis of VAP is challenging, mainly because of the lack of a gold standard diagnostic method. In addition, even for research purposes, lung biopsy and tissue culture are not feasible and probably not beneficial. (11, 14, 32) Furthermore, there has been a debate about whether invasive or noninvasive methods are preferable for obtaining lower respiratory tract samples. In the present study, we decided to assess the microbiologic evaluation by evaluating EA samples.
That choice was made due to the unavailability of bronchoscopy at our facility, as well as the difficulties involved in obtaining bronchoscopes and contracting trained staff to operate them. The choice was also pragmatic, because we believe that our facility is representative of the majority of public health care facilities in Brazil and in other low-to middle-resource settings. However, this pragmatic approach could have decreased our ability to study ACB in respiratory samples obtained by invasive methods, which are usually more specific for the diagnosis of lower respiratory tract infections.
(2) The value of antibody-coated bacteria in tracheal aspirates for the diagnosis of ventilator-associated pneumonia: a case-control study This study has other limitations. Although it was a single-center diagnostic case-control study, we rigorously selected our cases and controls, which has advantages such as increasing the chances of identifying "true" cases of VAP and controls without any suspicion of infection. However, because of those restrictions, it is likely that the performance of ACB in the diagnosis of VAP would be different in other settings and designs. Nevertheless, diagnostic case-control studies are useful in the preliminary phase of diagnostic tests. (19) This study design also prevented us from evaluating the impact of ACB in patients under clinical suspicion of VAP but with negative EA sample culture. We also had no access to the exact numbers of colony-forming units in the EA sample cultures, because we quantified them in a binary manner (< 10 5 or ≥ 10 5 CFU/mL).
Therefore, we could not correlate the bacterial burden with the proportion of ACB. Finally, we did not evaluate other variables that could modulate the diagnostic performance, such as the use of antibiotics and corticosteroids. (33) In conclusion, we observed a significantly higher number of ACB in patients with VAP than in those without. We believe that ACB evaluation could be used in order to improve the specificity of the diagnosis of VAP, which is needed given the challenge of achieving a reliable diagnosis in that context. Further research in this field is warranted, because ACB evaluation could be cost-effective and therefore useful in low-resource settings, having the advantages of decreasing the number of false-positive results and reducing the rate of overtreatment. 
